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ABSTRACT 
 
Eggs of American horseshoe crabs (Limulus polyphemus) provide migratory 
shorebirds with an abundant food source at stopover sites, allowing the birds to rapidly 
gain weight for their migration to arctic breeding sites. Shorebird use of horseshoe crab 
eggs has been well documented along the Atlantic coast of the U.S. at northeastern 
stopover sites such as the Delaware Bay. However the relationship between migratory 
shorebirds and horseshoe crab eggs has not been well studied in South Carolina, where 
horseshoe crabs are harvested for the biomedical industry. The objective of our study is 
to determine if there is a correlation between the density of horseshoe crab eggs and the 
abundance of foraging shorebirds during spring migration at Cape Romain National 
Wildlife Refuge (NWR). To accomplish this, we monitored 10 - 12 study plots between 
March and June 2015 - 2016 at predicted horseshoe crab spawning sites throughout the 
refuge. We conducted weekly shorebird surveys, and surveyed plots twice a month to 
measure densities of horseshoe crab eggs. We used a linear regression to compare the 
density of eggs in each plot with the number of foraging shorebirds. Our results show a 
positive correlation between number of foraging shorebirds and horseshoe crab eggs for 
both years (t8 = 2.5, r
2 = 0.44, P = 0.035; 2015 and t10 = 6.2, r
2 = 0.79, P = 0.0001; 2016). 
We also conducted a dietary analysis of shorebird fecal samples and found that 95% of 
the fecal samples tested contained horseshoe crab eggs. Our results suggest a correlation 
between shorebirds and horseshoe crab eggs at the refuge. The results of our study will 
help provide a better understanding of Cape Romain NWR as a stopover site for 
shorebirds.   
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INTRODUCTION 
Many shorebird species undergo long migrations from wintering sites throughout 
North, Central and South America to breeding grounds in the Northern Hemisphere. Due 
to the energetic demands of these trips, migrating individuals make regular stopovers to 
forage and replenish energy stores (Moore et al. 1993). One critical source of energy for 
shorebirds at coastal stopover sites along the Atlantic coast of the U.S. is eggs of 
horseshoe crabs (Limulus polyphemus), which are rich in lipids and enable shorebirds to 
restore energy efficiently (Botton et al. 1994, Gillings et al. 2007). Access to this 
abundant and energy-rich food source in coastal habitats may influence the occurrence 
and abundance of migratory shorebirds within an area. For example, in the Delaware 
Bay, shorebirds are found more frequently on beaches with higher concentrations of 
horseshoe crab eggs and their arrival coincides with peak horseshoe crab spawning 
(Botton et al. 1994, Karpanty et al. 2006, Mizrahi and Peters 2009). A well-studied 
example of a long distance migratory shorebird that relies on horseshoe crab eggs is the 
red knot (Calidris canutus rufa), which has recently been listed under the endangered 
species act (USFWS 2014). Decreased availability of horseshoe crab eggs in the 
Delaware Bay is hypothesized as a reason for decline in red knot populations (Baker et al. 
2004, Morrison et al. 2004), and has led to several states implementing moratoriums and 
limits on horseshoe crab harvesting (ASMFC 2015).  
Historically, horseshoe crabs were harvested for fertilizer across their range along 
the Atlantic Coast of the U.S. from Maine to Florida (Shuster 2003). Horseshoe crabs are 
currently harvested as bait for eel, whelk and conch fisheries in several states, and their 
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blood is collected (with individuals returned to the wild after bleeding) for the biomedical 
industry. The harvest of horseshoe crabs was largely unregulated until 1998 when the 
Horseshoe Crab Fishery Management Plan was developed by the Atlantic States Marine 
Fisheries Commission, which enforced state by state harvest quotas beginning in 2001 
(ASMFC 2013). In response to declining horseshoe crab populations, states throughout 
the Atlantic Coast enacted restrictions on harvest such as the moratorium on harvesting 
female crabs in Delaware. In 1991, South Carolina became the only state to completely 
prohibit horseshoe crab harvest for the bait industry (ASMFC 2013). However, horseshoe 
crabs are still collected for the biomedical industry in South Carolina. 
The harvesting of horseshoe crabs for the biomedical industry is accomplished by 
hand-collecting crabs from spawning beaches. Individuals are transported to one of four 
laboratories along the east coast of the U.S. (Associates of Cape Cod, Massachusetts; 
Lonza, Maryland; Wako Chemicals, Virginia; and Charles River Endosafe, South 
Carolina), where 30-40% of their blood is extracted to create Limulus amebocyte lysate 
(LAL) before being returned to harvested locations. LAL has widespread applications in 
the biomedical industry, and is primarily used to identify endotoxins in medical 
equipment and products such as intravenous fluids and vaccinations. Horseshoe crab 
harvest for LAL production in South Carolina increased approximately 300% between 
1991 and 1998 (Thompson 1998). More recent information on biomedical harvest is not 
available, so it is not clear if the collection has increased or decreased since 1998 in 
South Carolina. Across their range, biomedical harvest of horseshoe crabs increased by 
78% from 2004-2012 (ASMFC 2013). Additionally, the biomedical harvest has exceeded 
3 
 
the overall mortality limit (death caused during handling and bleeding) set by the 
ASMFC of 57, 200 crabs per year, from 2007-2013 (ASMFC 2013). Although mortality 
associated with biomedical harvesting of crabs is estimated at 18% of bled crabs, there 
are still unknown effects of bleeding on reproductive activity of horseshoe crabs 
(Anderson et al. 2013). For example, crabs that are returned to spawning locations may 
experience changes in activity levels or responses to tidal cycles, which subsequently 
may affect spawning activity and the amount of eggs available to shorebirds (Anderson et 
al. 2013).  
The relationship between shorebirds, specifically red knots, and horseshoe crab 
eggs has been well studied in the Delaware Bay and in several other stopover sites along 
the east coast of the U.S. including Connecticut, Florida, Massachusetts, New York and 
Virginia (e.g. Placyk and Harrington 2004, James-Pirri et al. 2005, Cohen et al. 2010, 
Schwarzer 2011, Beekey et al. 2013). However, the extent to which migratory shorebirds 
use horseshoe crab eggs as a food source in the southeastern U.S. has not been well 
studied. Although the South Carolina Department of Natural Resources conducts 
horseshoe crab spawning surveys and egg surveys throughout the state, there are few 
published studies of horseshoe crabs in South Carolina, and no surveys have been 
conducted on the horseshoe crab population in Cape Romain National Wildlife Refuge. 
Therefore, there is little information on the availability of horseshoe crab eggs to 
shorebirds in Cape Romain NWR.  If horseshoe crab eggs are an important resource to 
shorebirds in South Carolina, identifying sites where horseshoe crab eggs are abundant 
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and are utilized by shorebirds will be important to the conservation of declining shorebird 
populations.  
Our goal was to assess the temporal and spatial correlation between foraging 
shorebirds and the abundance of horseshoe crab eggs in Cape Romain NWR in South 
Carolina. Cape Romain NWR supports large numbers of  wintering  and migrating 
shorebirds annually and, along with undeveloped beaches immediately to its north and 
south, the region supports one of the longest stretches of undeveloped beach front along 
the Atlantic coast of the U.S. Researching this relationship can provide a better 
understanding of Cape Romain NWR as a spring migration stopover site for shorebirds, 
and provide a better understanding of the resource that horseshoe crab eggs can provide 
to shorebirds. The primary objectives of this study were to (1) assess shorebird use of 
horseshoe crab spawning sites at the refuge by determining the spatial and temporal 
overlap in shorebird abundance and densities of horseshoe crab eggs, (2) determine 
densities of horseshoe crab eggs available to foraging shorebirds in Cape Romain NWR, 
(3) determine the frequency of occurrence of eggs of horseshoe crabs in shorebird diets, 
and (4) assess the extent to which environmental or habitat factors may be related to the 
density of shorebirds and horseshoe crab eggs at the refuge.  
 
METHODS 
Study area 
Cape Romain National Wildlife Refuge (Cape Romain NWR or Cape Romain) is 
located along the coast of South Carolina (Fig. 1), and is comprised of barrier islands, 
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shallow bays, tidal creeks, salt marsh (dominated by Spartina alternaflora), shell 
mounds, fresh and brackish water impoundments, mudflats, oyster reefs (Crassostrea 
virginica), and maritime forest. Cape Romain NWR supports thousands of wintering and 
migrating shorebirds annually and has been designated as a Western Hemisphere 
Shorebird Reserve Network site of international importance (WHSRN 2009). 
To accomplish our first objective, we established survey plots along the beaches 
of Bulls Island, Little Bulls Island, Marsh Island, North Cape Island, South Cape Island, 
and Lighthouse Island (Fig. 1). Locations were not chosen randomly but instead were 
chosen based on prior observations of spawning activity of horseshoe crabs. Survey plots 
were generally characterized by sandy beaches with low wave energy, habitat attributes 
that are often associated with spawning locations of horseshoe crabs (Smith et al. 2002). 
We established plots prior to peak shorebird migration. Although we used the same 
general locations each year, exact plot locations varied between years to accommodate 
changes in beach profiles. Each plot was 200 m in length, measured parallel to the water 
line although plot width varied based on tidal stage at the time of the survey. We 
measured plot widths > 5 m at the start of every survey using a Nikon laser rangefinder, 
and visually estimated plots < 5 m wide. We spaced plots 50 m apart at Islands 
containing multiple plots. In 2015, we added two additional plots that were 100 m in 
length at Marsh Island (25 May) and Lighthouse Island (28 May) to capture what 
appeared to be a high abundance of shorebirds and horseshoe crab spawning. The 
shortened length for the additional plot on Lighthouse Island was due to space 
constraints. The shortened length for the additional plot on Marsh Island was to limit 
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disturbance to nesting black skimmers (Rynchops niger). Data collected from the two 
additional plots in 2015 were not included in the analysis, but both plots were used as 
new plot locations in 2016. 
 
Shorebird abundance 
We attempted to survey each plot at least once per week between 13 April and 13 
June, 2015 and between 28 March and 11 June, 2016 (Table 1 and 2). We conducted 
surveys within ± 2 hours of predicted high tide. Surveys were conducted around high tide 
primarily for two reasons: (1) accessibility by boat to spawning beaches is limited during 
low tide due to magnitude of tidal fluctuations in Cape Romain, and (2) shorebirds in 
Cape Romain NWR concentrate and forage at spawning beaches during high tide, but 
often disperse to forage at mudflats at lower tides (F. Sanders pers. obsv.). Therefore, 
surveys at high tide captured the peak in shorebird foraging activity at spawning sites.  
We measured temperature and wind speed at the start of every survey at a plot corner 
using a Kestrel 2000 in order to compare weather conditions during surveys between 
years. Two observers, each using a 20-60x scope, counted shorebirds that were actively 
foraging within the survey plot. Each observer counted a different species within the plot. 
We included gull species in our counts because they also forage on horseshoe crab eggs 
and can compete with shorebirds for use of the resource when large flocks of gulls block 
shorebird access to beaches (Botton et. al 1994, Karpanty et. al 2006). Duration of 
shorebird surveys ranged from 1 - 42 minutes based on the effort required to enumerate 
all species. 
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 To limit disturbance (e.g. to adjacent or nearby nesting sites), we counted birds 
from outside of plots or by boat (within 15 m of shore). In 2015, 78% of surveys were by 
land, and 22% by boat. In 2016, 70% of surveys were by land, and 30% by boat. We did 
not find a difference between bird counts (across all surveys, dates) by survey type for 
2015 and 2016 (F < 3.0, P > 0.09 for each year). Therefore, we pooled survey types for 
all subsequent analysis. Birds flushed during counts in 2.9% of surveys in 2015 (n = 
105), and in 4% of surveys in 2016 (n = 201). We excluded these surveys from all 
subsequent analyses. We report density of shorebirds as birds/200 m2. Banded birds were 
recorded if time allowed following surveys. Surveys were not conducted during 
inclement weather such as rain (light to heavy rainfall) or high winds (> 20 kts). 
Shorebird densities (birds/200 m2) were normalized using a log (x + 0.5) transformation. 
Data were analyzed separately by year to account for differences in plot locations 
between years. 
 
Abundance of horseshoe crab eggs 
We measured density of horseshoe crab eggs using the same plot locations as 
above immediately following shorebird surveys (Table 3). In 2015, we collected eggs 
from the day prior to the full/new moon until 10 days after, when horseshoe crabs are 
most likely to spawn (Smith et al. 2002). In 2016, we collected eggs from 1 – 11 days 
following the full or new moon, in order to only collect eggs following spawning events 
and not prior to spawning events, to capture the maximum egg densities (Table 3). The 
order of sampling among sites was randomly set within each moon cycle.  
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We collected eggs of horseshoe crabs within 1 m of the high tide line using a PVC 
core (10 cm diameter x 5 cm deep; Brockmann 1990, Karpanty et al. 2006). In 2015, 
during the first week of horseshoe crab egg sampling, we collected one core every 10 m 
over a 200 m transect. For the remainder of the 2015 field season and for the 2016 field 
season, a composite sample of 3 cores were collected every 10 m over a 100 m transect. 
The 100 m transect was randomly selected from within the 200 m plot using a random 
number table to select 2 of 4- 50 m segments. Samples of eggs were placed in plastic 
bags and stored in coolers in the field, then in a refrigerator for up to 24 hours after which 
they were sifted through a 1 mm mesh sieve to remove larger sand particles. We 
preserved samples in 95% ethanol. In the lab, we counted the number of eggs and 
trilobites for each sample. In 2016, processed samples were examined for the presence of 
eggs and trilobites immediately and then frozen. Egg count data is reported as 
eggs/composite core or eggs/m2. We log (x + 1) transformed the horseshoe crab egg 
count data to normalize the distribution. Due to differences in sampling procedure, we 
discarded the first week of horseshoe crab egg data from the 2015 analysis, resulting in 3 
sampling periods for 2015. Horseshoe crab egg data were not compared between years 
due to differences in sampling procedures (i.e., timing of egg surveys) between years. 
 
Horseshoe crab spawning surveys 
In 2015, we conducted spawning surveys for horseshoe crabs on the night of the 
full moon of 2 June. The purpose of this survey was to provide a supplemental measure 
of horseshoe crab activity as a surrogate to a direct measure of eggs. We had teams of 2 
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or more surveyors at each of the 6 sites. We surveyed by site and not by plot to simplify 
survey routes for volunteers. Length of survey routes varied by the size of the site, from 
200 m to 1 km. Surveys began 30 minutes prior to high tide. A coin flip determined 
whether surveys began at the north or south end of the survey route. We gave teams the 
option of using one of two survey methods when they arrived at beaches based on the 
observed number of crabs present. We surveyed Bulls Island and Marsh Island using 
transects because preliminary observations at the time of the survey indicated low 
densities of horseshoe crabs. Observers walked the length of the survey route, parallel to 
the water line, following the curve of the beach. At least 2 observers counted horseshoe 
crabs, with at least one observer in the water searching for crabs in the surf zone and 
another observer searching on the beach along the high tide line. All horseshoe crabs 
observed were tallied along transects within a width of 5 m (Fig. 2).  
At the remaining sites we surveyed using quadrats. Here, a random number table 
was used to determine the number of meters within the first 10 m of the survey route to 
place the first quadrat. Subsequent quadrats were placed at 10 m intervals along the 
length of the survey route. The 1 m x 1 m quadrat was placed adjacent to the water’s edge 
extending into the shallow surf where the horseshoe crabs were spawning. All horseshoe 
crabs at least half way in the quadrat were counted, including number of females, number 
of satellite males (number of males attached to each female), and number of lone males 
and lone females. No statistical analyses were conducted on the 2015 night-time 
spawning survey data because surveys were only conducted on one night.  
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During the 2016 field season, spawning surveys were conducted on the night of 
the full moon on 21 May and the following two nights (22 - 23 May). The methods for 
the 2016 night surveys were adjusted from the 2015 survey protocol. In 2016, all surveys 
used the transect method for counting horseshoe crabs, and surveys began at predicted 
high tide instead of 30 min before. We also recorded spawning clusters (number of males 
attached to each female) as part of the data collected. Survey routes were the same as 
2015 for 2016, except for South Cape Island, which was surveyed at the northern end of 
the island, at the 2016 plot location. Survey data from 2016 were log (x + 0.0005) 
transformed to normalize the data set. We did not analyze between year comparisons of 
spawning densities due to differences in survey protocols between years (survey start 
time, use of quadrat method).  
Day-time spawning surveys were also conducted during the 2016 field season as a 
supplemental method (in addition to night surveys) to assess spawning crab densities at 
the refuge and were conducted from 28 March – 11 June at plot locations. Day-time 
spawning surveys were conducted throughout the field season (not limited to days around 
full/new moons) as time allowed. Spawning surveys commenced after shorebird counts 
or after horseshoe crab egg surveys, within +/- 2 hours around high tide. Observers 
counted spawning crabs within 5 m of the water line for each plot (200 m transect 
length). We recorded the number of lone males, lone females, pairs, and number of males 
attached to a female for each cluster of spawning crabs. Day time spawning densities 
were normalized using a log (x + 0.005) transformation. Spawning numbers are reported 
as crabs/m2. 
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Sediment grain size 
We measured sediment grain size at survey plots to assess its potential effect on 
the distribution of shorebirds and horseshoe crab eggs. To collect a representative sample 
of the sediment grain size in the upper 0 - 5 cm of sand across our study plots, we used a 
PVC corer (10 cm diameter x 5 cm deep) to collect 5 sand cores from each plot at 40 m 
intervals in the upper section of the beach (within 1 m of high water line). Lighthouse C 
plot was only 100 m in length, so sand cores were spaced 20 m apart. We collected 
samples from 10 - 26 April 2016 for 11 plots (all plots excluding Marsh B) (n = 55). We 
stored samples in plastic bags and stored them in a freezer until analyses were conducted. 
Upon thawing, we dried sand samples in an oven at 110o C for 24 – 72 h. Before sieving, 
organic material was removed from samples and sand clumps were disaggregated. The 
oven dried samples were then poured into a stacked series of 6 inch diameter sieves with 
descending mesh sizes (4 mm, 2 mm, 0.5 mm, 0.25 mm, 0.125 mm, and 0.063 mm) and 
processed on a Humboldt motorized sieve shaker for 15 min. The weight of the sample 
retained on each sieve was recorded to within 0.01 g to calculate percent of the total 
weight in each size class. We calculated mean particle size of sediments following Folk 
(1974), using the package GRADISTAT 8.0 (Blott and Pye 2001). Mean particle size is 
reported in micrometers and in phi units. Phi units (Φ) are a standardized unit commonly 
used to compare sediment grain sizes. Phi is calculated by a logarithmic conversion of 
mm to the Wentworth (1922) grade scale of particle size as: Φ = -log2 (diameter of the 
particle in mm). 
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Shorebird diets 
 To assess the presence of horseshoe crab eggs in diets of shorebirds at Cape 
Romain NWR, we collected fecal samples following shorebird surveys in 2016. Fecal 
samples were only collected when survey periods lasted > 45 min. Doing so increased the 
probability that collected samples represented local foraging activity based on the gut 
passage rate for common shorebird species (ca. 30 – 60 mins; Castro et al. 1989, 
Quaintenne et al. 2010, Onrust et al. 2013). We collected samples from mixed species 
flocks due to the absence of large, single-species flocks during surveys. We recorded the 
species composition of each flock for each fecal sample (Appendix A). We only collected 
fresh samples (i.e., appeared moist) because DNA degrades with exposure to sunlight and 
substrate (King et al. 2008). Tweezers were disinfected with a bleach solution between 
collections. We stored samples in 95% ethanol and then froze them until PCR analysis 
could be performed (Oehm et al. 2011). 
 We isolated the DNA using a Qiagen QIAamp Mini Stool Kit. We used the 
primers developed by Novcic et al. 2015 (Limf92 and Limr300) to amplify a 236 base 
pair segment of the cytochrome oxidase (COI) region of the mitochondrial DNA 
(mtDNA). The traditional PCR method used in Novcic et al. (2015) was adapted for real 
time qPCR by M. Walker (SC DNR), who developed a horseshoe crab-specific probe 
with a fluorescent reporter. We ran 10 samples per qPCR reaction. Each sample had 8 
replicates (to increase the chance of detecting positive results in samples with low initial 
copy number). In addition to these samples, we also ran a negative control, with 8 
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negative replicates, to ensure that there were no contaminants in the qPCR materials. We 
also ran a positive control, using tissue taken from a horseshoe crab leg, with two 
replicates. 
   
Data analysis 
We developed linear models for shorebird densities, egg densities, spawning crab 
densities, and PCR data (percent positive, Cq values) that included fixed effect terms for 
time (by week, sampling period, date, or month) and plot ID as random effects. We were 
not able to include an interaction term between time and plot in any of our models 
because not all plots were visited during each time period due to logistical or weather 
related constraints. Given the patchy distribution of eggs and shorebirds, and the high 
variability in egg densities and shorebird densities among plots within islands, we did not 
include island as a variable but instead treated each plot as a separate sampling unit. For 
each model we used ordinary least squares regression to estimate the model terms and 
ANOVA to test the model terms. Post hoc Fisher’s Least Significant Difference (LSD) 
tests were used to further evaluate significant model terms.  
We found that horseshoe crab egg data and daytime spawning data were not 
normally distributed even after a log transformation of the data. Therefore, to account for 
the non-normal distribution and unequal variances observed in the data set (both years), 
differences in egg abundance across plots and time were first tested using Kruskal-Wallis 
nonparametric test and followed by Wilcoxon multiple comparison tests. We then tested 
for differences in abundance across plots and time using ANOVA followed by LSD tests. 
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Because the significance results were the same using Kruskal-Wallis or ANOVA, we 
report the ANOVA and LSD results for ease of interpretation. 
The relationship between shorebird abundance and densities of horseshoe crab 
eggs and spawning crabs was modeled as a simple linear relationship. Individual study 
plots served as sampling units, with mean shorebird density as the dependent variable and 
mean density of eggs of horseshoe crabs, and spawning crab density as the independent 
variables. Plot locations were included as a random variable in the model. Shorebird, 
spawning crab and egg densities were log transformed to normalize the data. Data for 
2015 and 2016 were analyzed separately to account for differences in sampling between 
years in the linear relationship models. To analyze the relationship between shorebird 
abundance and densities of horseshoe crab eggs using data from both years, we used a 
Spearman’s rank correlation, which, for the purposes of our analyses, was used to 
account for differences in sampling methods by assigning ranks to the data.   
Difference in sand grain size among plots was compared using an ANOVA 
followed by LSD tests. We assessed the relationship between sand grain size and egg 
density, and between sand grain size and shorebird density, using simple linear 
relationship models. Individual study plots served as sampling units, with mean shorebird 
density and egg densities as the dependent variables and mean sand grain size as the 
independent variable. Plot locations were included as a random variable in the model. 
Shorebird and egg densities were log transformed in all linear regressions to normalize 
the data.   
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All mean values are reported as mean ± standard deviation in untransformed data 
for ease of comparison. All statistical analyses were performed in JMP 12 (SAS Institute, 
Cary, North Carolina).  
RESULTS 
Shorebird abundance  
We conducted 120 shorebird surveys between 13 April and 12 June 2015 (Table 
1), and 203 shorebird surveys between 28 March and 11 June 2016 (Table 2). We found 
that the temperature observed during our surveys conducted in 2016 (73.8 ± 7.2 ºF) was 
colder compared with 2015 (77.2 ± 7.1 ºF; t test, t205 = -3.85, P = 0.0002). We also 
observed higher winds during 2016 surveys (4.8 ± 4.8 knots) compared with 2015 (3.8 ± 
2.5 knots; t test, t246 = 3.18, P = 0.002). We recorded 14 species of shorebirds and two 
species of gulls during surveys in 2015, and 17 species of shorebirds and three species of 
gulls in 2016 (Table 4). Five species accounted for ≥ 5% of the total count across all 
surveys in 2015; sanderling (Calidris alba), ruddy turnstone (Arenaria interpres), 
semipalmated sandpiper (Calidris pusilla), dunlin (Calidris alpina), and short billed 
dowitcher (Limnodromus griseus). Five species also accounted for ≥ 5% of the total 
count in 2016; sanderling, semipalmated sandpiper, ruddy turnstone, red knot, and short 
billed dowitcher (Table 4). The same three species (sanderling, ruddy turnstone, and 
semipalmated sandpiper) were ranked among the top three most abundant species each 
year (Table 4). 
Densities of shorebirds at Cape Romain NWR differed throughout spring 
migration by week in both 2015 (F8, 184 = 4.95, P = <0.0001) and 2016 (F10, 171 = 6.06, P = 
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<0.0001). In 2015, densities of shorebirds peaked during weeks 6 (17-23 May, 88.3 ± 
166.4 birds/200 m2), and 5 (10-16 May, 20.9 ± 31.4 birds/200 m2; Table 5). In 2016, 
week 10 (29 May - 4 June; 52.6 ± 91.6 birds/200 m2; Table 5) had higher densities of 
shorebirds compared with all other weeks except for weeks 3 (10-16 April; 8.4 ± 11.8 
birds/200m2) and 7 (8-14 May; 27.9 ± 84.9 birds/200m2). Counts of all shorebirds 
appeared to be relatively steady over a longer interval of time in 2016 compared to 2015 
(Fig. 3).  
Counts of birds by species (for the five most common species observed for either 
year) appeared to peak earlier in 2016 compared with 2015 (Figs. 4 and 5). In 2015, 
maximum counts of ruddy turnstone, sanderling, semipalmated sandpiper, and red knot 
occurred between 16 May and 26 May (Fig. 4). Counts of dunlin peaked during the week 
of 15 May (Fig. 4). The exception to this trend was short-billed dowitchers, which had 
low counts from April–May, and peaked during the middle of June (Fig. 4). In 2016, we 
observed maximum counts of red knot and ruddy turnstone from 11 May- 20 May. 
Semipalmated sandpipers and short-billed dowitchers also peaked from 11 May- 20 May, 
but had a second peak in early June. The increase in short-billed dowitchers in early June 
was also observed in 2015. Sanderlings peaked over a longer period of time compared 
with 2015, from 17 April to 19 May. We did not observe a noticeable trend for dunlin 
(Fig. 5). 
Densities of shorebirds (birds/200m2) differed among plots in both 2015 (F9, 184 = 
5.5, P = <0.0001) and 2016 (F11, 171 = 11.1, P = <0.0001).  In 2015,  LBulls-15 had 
significantly higher  (P<0.05, LSD tests) shorebird densities averaged among all weeks 
17 
 
(79.5 ± 158.6 birds/200m2) compared to all other plots except for Marsh-A-15 (23.9 ± 
36.7 birds/200m2) (Table 6). LBulls-15 also had the largest single count of observed 
shorebirds in 2015, with a total of 1,099 birds in one survey (Table 6). In 2016, Marsh-B-
16 had significantly higher densities (180.4 ± 142.2 birds/200m2) of shorebirds compared 
to all other plots (P<0.05, LSD tests) (Table 6). In addition, Marsh-B-16 had the largest 
single count of observed shorebirds with a total of 877 birds in one survey (Table 6).  
 
Resighting of banded birds 
In 2015, we resighted 65 birds with bands (Appendix B) including American 
oystercatcher (Haematopus palliatus) (4), dunlin (4), piping plover (Charadrius melodus) 
(5), red knot (41), ruddy turnstone (4), sanderling (4), and semipalmated sandpiper (7). 
Countries where birds were originally banded included United States, Argentina, 
Bahamas, Brazil, Canada, and Suriname (www.bandedbirds.org).  
In 2016, we resighted 30 birds with bands (Appendix B) including red knot (17), 
ruddy turnstone (3), sanderling (5), Wilson’s plover (Charadrius wilsonia) (1), American 
oystercatcher (3) and herring gull (Larus argentatus) (2). Countries where birds were 
originally banded included United States, Canada, and Argentina 
(www.bandedbirds.org). Two red knots were observed both years (lime green flag 350, 
and lime green flag 632).  
 
Abundance of horseshoe crab eggs 
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In 2015, we collected 300 composite samples of horseshoe crab eggs and 
trilobites over 3 sampling periods from 3 May to 5 June, and in 2016 we collected 590 
composite samples of horseshoe crab eggs and trilobites across 5 sampling periods 
between 11 April and 9 June. Densities of horseshoe crab eggs differed among plots for 
both 2015 (F9, 288 = 8.96, P = <0.0001) and 2016 (F11, 574 = 53.83, P = <0.0001). In 2015, 
abundance was greater at Bulls-B-15 and LBulls-15 compared to almost all other plots 
(LSD tests, P < 0.05; Table 7a, 7b). Bulls-B-15 also had the highest number of eggs in 
any one sample (1,405 eggs) (Table 7a, 7b). In 2016, Marsh-A-16 and Marsh-B-16 had 
higher abundances of eggs (LSD tests, P < 0.05) compared to all other plots (Table 7a, 
7b). The two highest counts of eggs per composite core also were both from Marsh-A-16 
and Marsh-B-16 (Table 7a, 7b).  
In addition to varying spatially across the study plots, abundances of horseshoe 
crab eggs also varied over time in 2015 (F2, 288 = 5.6, P = 0.004), with the highest counts 
of eggs occurring during the third sampling period (16-19 May) (LSD tests, P < 0.05; 
Table 8, Fig. 6a, 6b). In 2016, there was not a statistically significant difference between 
abundance of eggs among sampling periods (F4, 574 = 0.9, P = 0.5; Table 8).  
 
Spawning surveys 
During the 2 June 2015 survey of horseshoe crabs, spawning horseshoe crabs 
were observed at 3 of 6 sites. We observed 441 crabs at Marsh Island, 87 crabs at Bulls 
Island, and 4 crabs at North Cape Island (Table 9). In 2016, we conducted night surveys 
on 3 consecutive nights in May including the night of the full moon and the two 
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following nights (21 - 23 May). We found a significant effect of date on spawning crabs 
at the refuge (F2, 10 = 11.37, P = 0.003) (Table 10), with higher densities of crabs on 23 
May (0.05 ± 0.09 crabs/m2) compared to 21 and 22 May (0.003 ± 0.007 crabs/m2; 0.02 ± 
0.04 crabs/m2) (LSD tests, P < 0.05). We also found that the density of spawning crabs 
varied by site for the night surveys (F5, 10 =13.94, P = 0.0003). Marsh Island had higher 
spawning crab densities (0.1 ± 0.1 crabs/m2) compared with all other sites (LSD tests, P < 
0.05) (Table 11).  
The number of day-time spawning crabs also varied spatially by plot throughout 
the refuge (F11, 150 = 14.34, P ≤ 0.0001). Marsh-B-16 and Marsh-A-16 had the highest 
densities of day-time spawning crabs compared to all other plots (LSD tests, P < 0.05) 
(Table 12).  Marsh Island also appeared to have the greatest range of spawning groups 
observed during 2016 night surveys, reaching a maximum of 10 males to 1 female, 
compared with the maximum of 4 males to one female at all other sites (Fig. 7). Day-time 
spawning crabs also varied temporally by week throughout the 2016 field season (F10, 150 
= 4.34, P ≤ 0.0001). The week with the highest densities of day-time spawning crabs was 
week 7 (8-14 May; 0.0465 ± 0.12 crabs/m2) (LSD tests, P < 0.05) (Table 13).  
To understand the scope of horseshoe crab abundance at Cape Romain NWR in a 
broader spatial context, spawning indices (number of spawning female crabs/m2), 
operational sex ratios (OSR; number of males to females) and maximum observed 
densities of crabs (crabs/m2) in Cape Romain were compared to data from four other sites 
along the Atlantic Coast; Monomoy National Wildlife Refuge, Massachusetts Sandy 
Point, Connecticut, Cape May, New Jersey and Delaware Bay, Delaware (Table 14). 
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Maximum densities of crabs for 3 of our 6 sites appeared to be higher than densities in 
Massachusetts but lower than densities of crabs in Delaware Bay or Cape May, New 
Jersey. Spawning indices and OSRs at our sites were comparable to Connecticut and 
Massachusetts sites, but appeared lower than Delaware and New Jersey sites. 
 
Relationship of shorebird abundance to horseshoe crab abundance 
 There was a positive correlation between the density of horseshoe crab eggs and 
the density of foraging shorebirds observed among survey plots in Cape Romain NWR 
for both years. We found a positive relationship between shorebird density and horseshoe 
crab eggs in 2015 (t8 = 2.5, r
2 = 0.44, P = 0.035; Fig. 8) and 2016 (t10 = 6.2, r
2 = 0.79, P = 
0.0001; Fig. 9). Additionally, we found a significant positive relationship between 
shorebird density and density of horseshoe crab eggs using combined data from both 
years, (Spearman r = 0.64, P = 0.002; Fig. 10). We also found that the spawning density 
of adult horseshoe crabs was positively correlated with average shorebird density 
(birds/200m2) among plots (t10 = 6.4, r
2 = 0.80, P = <0.0001; Fig. 11).  
For any shorebird that comprised > 1% of total birds for either year (10 species), 
we also analyzed its relationship with density of horseshoe crab eggs. The density of 
sanderling, semipalmated sandpiper, red knot, and ruddy turnstone were each positively 
correlated with egg abundance in 2015 (Table 15), while the density of sanderling, willet 
(Tringa semipalmata), semipalmated sandpiper, dunlin, red knot, ruddy turnstone, short-
billed dowitcher, and laughing gulls (Leucophaeus atricilla) were positively correlated 
with egg abundance in 2016 (Table 15).  
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Sand grain particle size 
We found that mean sand grain sizes differed among plots at Cape Romain NWR 
(F10, 43 = 8.57, P ≤ 0.0001). Particle size was largest at Scape-16 compared to all other 
plots (LSD tests, P ≤ 0.05; Table 16). Plots that were located at the same site had similar 
sand grain sizes (Fig. 12, Table 16). For example, all Lighthouse Island plots had mean 
sand grain sizes between 202-225 micrometers, and Bulls Island and Little Bulls Island 
plots all had mean sand grain sizes between 150-164 micrometers (LSD tests, P ≤ 0.05) 
(Table 16). We did not find a statistically significant relationship between sand grain 
sizes and densities of horseshoe crab eggs (t9 = -0.4, r
2 = 0.01, P = 0.7) (Fig. 13) or 
spawning crab densities (t9 = -1.47, r
2 = 0.17, P = 0.2) (Fig. 14). We also did not find a 
statistically significant relationship between sand grain sizes and densities of foraging 
shorebirds (t9 = -1.4, r
2 = 0.18, P = 0.2) (Fig. 15).  
 
Shorebird diet analysis 
We analyzed 100 fecal samples collected for the presence of horseshoe crab 
DNA. Of the 100 samples tested, 95% were positive (at least one positive replicate per 
sample) for horseshoe crab DNA (Table 17). Horseshoe crab DNA also was present in at 
least 80% of the shorebird fecal samples at all 3 of the plots we tested, and for each date 
between April and June. April 19 was the earliest date that samples tested positive for 
horseshoe crab eggs. We found differences in both the percentage of positive samples (F2, 
95 = 9.1, P = 0.0002) and average Cq values (F2, 90 = 5.28, P = 0.007) among months 
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when data were pooled among all plots. DNA from horseshoe crabs was less abundant in 
April (0.68 ± 0.36) compared with May (0.90 ± 0.25) and June (0.97 ± 0.09; LSD tests, P 
< 0.05; Fig. 16). The samples collected in April also had higher average Cq values (39.3 
± 2.3) compared to samples collected in May (36.4 ± 2.7) and June (36.4 ± 2.3), 
indicating relatively lower amounts of horseshoe crab DNA in the positive samples in 
April (LSD tests, P < 0.05; Fig. 16) (Table 17). At Marsh-B-16 plot, percent positive 
samples also appeared to follow a similar trend as shorebird abundance, with lower 
percentages positive in April, and higher percentages in May and June (Fig. 17). We 
could not compare the other two plots to shorebird abundance over time due to lack of 
samples. 
We did not find a difference in the average Cq values among plots (F2, 90 = 0.91, P 
= 0.4; Fig. 18). We did, however, find a weakly significant difference in the overall 
percent of samples which tested positive by plot (F2, 95 = 2.95, P = 0.06). Marsh-A-16 had 
fewer positive samples (0.88 ± 0.3) compared with Bulls-B-16 (0.72 ± 0.3) and Marsh-B-
16 (0.87 ± 0.3, LSD tests, P < 0.05; Fig. 18). 
 
DISCUSSION 
Shorebird use of horseshoe crab spawning sites 
  The abundance of shorebirds at Cape Romain NWR temporally overlapped with 
the abundance of horseshoe crab eggs for both years of our study. In 2015, we identified 
a single peak in overlapping abundance between shorebirds (10 - 23 of May) and 
horseshoe crab eggs (16 - 19 May). The temporal overlap of birds and horseshoe crab egg 
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abundance that we observed has also been documented in the Delaware Bay, where there 
is a well-established relationship between the occurrence of shorebirds and the 
availability of horseshoe crab eggs (Botton et al. 2003, Mizrahi and Peters 2009). We 
also found a temporal overlap in abundance in 2016, although unlike in 2015, the overlap 
was not singular but instead occurred over multiple peaks. In 2016, horseshoe crab 
spawning began early in the season, with spawning events observed as early as 12 March 
(F. Sanders pers. obsv). Early spawning events may occur with warmer temperatures, and 
in March 2016, the average air temperature was 3.3 oC above average for South Carolina, 
and ocean temperatures as measured in Charleston, SC were also approximately 3-5 oC 
higher in March 2016 compared to March 2015 (NOAA, 2016). Therefore, warmer 
temperatures in March 2016 (12.6-19 oC) could explain the early spawning events in 
2016 compared with 2015. Thompson (1998) described a similar early spawn for 
horseshoe crabs in South Carolina in March 1998 during a relatively warm spring. Our 
analysis of fecal samples also suggest that shorebirds were using horseshoe crab eggs as 
food even during these early periods.  
We found that bird distribution was also correlated spatially to horseshoe crab egg 
abundance, where survey plots with higher densities of eggs also supported higher 
densities of shorebirds. In 2015 we found the highest densities of shorebirds at LBulls-15 
and Bulls-B-15. In 2016, Marsh-A-16 and Marsh-B-16 had highest densities of 
shorebirds. Karpanty et al. (2006) also found that red knots used sites with higher 
abundances of eggs through a radio-tagging study, while Gillings et al. (2007) employed 
a controlled field experiment to demonstrate that shorebirds aggregated at sites in 
24 
 
response to both surface and subsurface egg densities. Alternatively, a study in the 
Delaware Bay found that abundance of horseshoe crab eggs at a site could not predict 
shorebird densities (Botton et al. 1994). Botton et al. (1994) theorized that there was not a 
relationship with shorebird density because eggs were superabundant over the entire 
study area, and therefore egg densities exceeded a threshold level of abundance which 
was acceptable to shorebirds across all sites in the study. Our results suggest that egg 
densities in Cape Romain NWR are moderate and therefore foraging shorebirds may be 
responding positively to sites with higher densities of eggs in an area of comparatively 
lower densities.  
The spatial and temporal overlap of shorebirds and horseshoe crabs varied by 
species during our study. Similar to Delaware Bay, sanderlings during our study were 
present at spawning sites earlier and over a longer period of time compared with red 
knots and ruddy turnstones (Clark et al. 1993). The densities of short-billed dowitchers 
peaked in June for both years of our study, similar to data reported by Wallover et al. 
(2015) for Cape Romain NWR. Species which were significantly correlated to horseshoe 
crab egg abundance for both years of our study were sanderling, semipalmated sandpiper, 
red knot and ruddy turnstone. Species that were significantly correlated for one of the 
years in our study were willets, dunlin, shortbilled dowitcher and laughing gull. 
Similarly, Tsipoura and Burger (1999) found that red knots, ruddy turnstones, 
semipalmated sandpipers, and sanderlings were species that foraged most heavily on 
horseshoe crab eggs in Delaware Bay based on analyzed gut contents.  
25 
 
Along with documenting a spatial and temporal correlation between shorebirds 
and horseshoe crab eggs, we also verified that birds were consuming horseshoe crab eggs 
at our study plots, and likely during or immediately prior to our surveys. The analyses of 
shorebird feces for the presence of DNA of horseshoe crabs demonstrated that shorebirds 
consumed eggs at Cape Romain NWR as early as April, when spawning begins. The high 
percentage of fecal samples testing positive for horseshoe crab DNA suggest that 
horseshoe crab eggs are a regular food source in the shorebird diet during spring 
migration at Cape Romain NWR. Birds also appear to consume more eggs as the season 
progresses and as more eggs become available (higher percent positive and lower Cq 
values), which corroborates similar findings by Novcic et al. (2015) who found higher 
percentages of horseshoe crab eggs in the diet of shorebirds in Delaware Bay at the end 
of May compared to the beginning of May.  
Although we designed our sampling methods to specifically measure horseshoe 
crab egg abundance, we observed other potential food sources for shorebirds in our core 
samples as well. Other prey items we identified included amphipods, polychaetes, and 
insects (beetles, flies), which is similar to findings from another study on shorebird prey 
availability in South Carolina (Thibault and Levisen 2013, unpublished). However, we 
found few Donax clams, a preferred prey item for red knots (Truitt et al. 2001, Schwarzer 
2011), in our samples compared with reports from other sites in South Carolina (Thibault 
and Levisen 2013, unpublished). The lack of Donax clams in our samples may be due to 
a mismatch in habitat preference and our sampling locations. Donax clams prefer high 
wave energy beaches (Ansell 1983), while our sampling occurred on beaches that had 
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low wave energies. Polychaetes were only abundant in our 2015 Marsh-A-15 samples, 
which could explain the high shorebird abundance at the plot given that there were low 
concentrations of horseshoe crab eggs there. Other studies found that in beach habitats 
where horseshoe crab eggs are abundant, few other sources of prey are available to 
shorebirds (Botton et al. 1994, Karpanty et al. 2006). Based on our qualitative 
observations from the core samples, horseshoe crab eggs appeared to be the most 
abundant food source in our samples, followed by amphipods. Given this observation and 
in conjunction with our diet analysis results, we suggest the majority of shorebirds at our 
sites were foraging on horseshoe crab eggs. However, a formal prey availability study 
should be completed. 
 
Horseshoe crab egg availability to shorebirds in Cape Romain 
We found variability in abundance of horseshoe crab eggs both spatially and 
temporally throughout the spring season at Cape Romain NWR. Plots with the highest 
densities of eggs in 2015 were Bulls-B-15 and LBulls-15. In 2016, Marsh-A-16 and 
Marsh-B-16 plots had the highest densities of horseshoe crab eggs. Thompson (1998) 
suggested Bulls Island and Marsh Island would be suitable habitat for horseshoe crabs 
based on a predictive habitat model which included factors such as the presence of 
greater than one hectare of sand flats and beach that is accretional, and our data confirm 
that prediction. Counts of eggs in Cape Romain NWR were significantly lower compared 
to those in Delaware Bay, where Botton et al. (1994) measured egg densities of 100,000 
eggs/m2 in the top 5 cm of substrate. Karpanty et al. (2006) calculated that when densities 
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of eggs in Delaware Bay were greater than 20,873 eggs/m2, there was a 50% chance of 
red knots occurring at the site. In 2015, LBulls-15, Bulls-B-15, and the experimental plot 
Marsh-B-15 (which was not included in our analyses) had maximum counts of eggs 
which exceeded this threshold, even though the mean egg densities were lower than the 
threshold (Table 7b). In 2016, maximum egg densities observed at Marsh-A-16 and 
Marsh-B-16 plots also exceeded the aforementioned threshold (Table 7b). If an objective 
of Cape Romain NWR is to increase favorable foraging habitat for migratory red knots, 
then Little Bulls Island, Bulls Island, and Marsh Island may present opportunities to do so 
based on density of horseshoe crab eggs. 
Horseshoe crabs lay their eggs between 10 and 20 cm deep (e.g. Anderson and 
Shuster 2003) and the buried horseshoe crab eggs become available to shorebirds only 
through wave action and the spawning activity of other crabs (Smith et al. 2002, Smith 
2007). Recent studies have shown a density dependent relationship between the density 
of spawning adults and the disturbance of horseshoe crab nests, which facilitates 
horseshoe crab egg availability to foraging shorebirds. For example, although eggs may 
be present at depth, it is the repeated spawning of multiple crabs that disturbs pre-existing 
nests of crabs and subsequently distributes eggs to the surface or upper few cm of 
substrate (Smith 2007, Mattei et al. 2010). Therefore, high densities of crabs are required 
to bring eggs to the surface where shorebirds are able to access the eggs, which increases 
the importance of managing for sites with high densities of spawning crabs (Smith 2007, 
Mattei et al. 2010). The density dependence of egg availability to shorebirds is one reason 
the Delaware Bay is considered the most important site for migratory shorebirds that rely 
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on horseshoe crab eggs (Botton and Harrington 2003, Smith 2007). Although the overall 
densities of crabs in Cape Romain NWR are low compared to the Delaware Bay, the 
morphology of the islands appear to create small areas of dense spawning activity which 
may provide the type of disturbance needed to make eggs available to shorebirds. For 
example, the eastern and western shorelines of Marsh Island have a layer of peat and 
grass on the beaches, which create unsuitable habitat for spawning horseshoe crabs. This 
may cause horseshoe crabs to congregate at the northern and southern tips of the island 
(our plot locations) which are some of the only areas of suitable habitat for horseshoe 
crabs on the island. These small areas of suitable habitat therefore support high densities 
of crabs, such as Marsh-B-16, where 1,175 spawning crabs were counted within a 200 m 
transect during a daytime survey. The ca. 1.1 crabs/m2 we measured here is comparable 
to densities found in Delaware Bay (Smith et al. 2002). Similarly, we observed > 900 
crabs on Little Bull Island on a 200 m transect and ca. 2,200 crabs were tallied on a 100 
m transect at Harbor Island in South Carolina (A. Fowler pers. comm). Therefore, there 
are sites in South Carolina where localized, high densities of crabs spawn and likely 
increase the availability of eggs to shorebirds.  
Although we cannot compare egg densities between years during our study due to 
differences in sampling protocols between years, it is possible that the apparently lower 
abundance of eggs observed in 2016 were due to weather differences. We found that the 
temperature observed during our surveys conducted in 2016 was colder compared with 
2015. We also observed higher winds during 2016 surveys compared with surveys 
conducted in 2015.  Several studies have examined the effect of temperature on 
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horseshoe crab reproductive activity and found that lower temperatures reduced spawning 
activity (Thompson 1998). Horseshoe crabs are also deterred from spawning during high 
winds (Cheng et al. 2015). Therefore, the colder and windier conditions in 2016 could 
have hindered spawning activity in 2016, decreasing egg availabilities. Alternatively, 
beaches in Cape Romain NWR undergo strong erosion of sand from tropical storms and 
hurricanes which could have affected the suitability of the spawning sites between years, 
resulting in the apparent decrease in egg densities in 2016. 
 
Factors affecting distributions of shorebirds and horseshoe crab eggs 
Our data primarily assessed the correlation between shorebird abundance and the 
density of horseshoe crab eggs. We also need to consider, however, factors that may 
contribute to this relationship by affecting one or both of our focal taxa. One factor that 
could have influenced shorebird distributions across our study plots was human 
disturbance. Presence of humans on beaches can cause shorebirds to vacate foraging sites 
and can cause decreased foraging rates (Burger 1981, Burger and Gochfeld 1991, Pfister 
et al. 1992, Yasué 2005). A previous investigation of shorebirds in Cape Romain reported 
low levels of human disturbance throughout the entirety of the study, which included 
spring migration (Dodds and Spinks 2001). We did not include human disturbance in the 
analysis of our study, based on initial observations of low human activity during spring 
migration at Cape Romain NWR. However we did record human presence at our study 
sites (5 occurrences in 2015, 9 occurrences in 2016) and counted a maximum of 48 
people observed at one time. Little Bulls Island and Marsh Island are the only two Islands 
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in our study that are closed to the public. Additionally, Little Bulls Island is only closed 
to the public in areas above the high tide line. It is possible that higher concentrations of 
birds were observed at these islands because they act as a refuge; however, more research 
is needed to address this question. Future research could quantify human disturbance to 
foraging shorebirds across the migratory period at Cape Romain NWR and assess the 
extent to which it affects shorebird access to foraging sites.  
The size of sand grains on beaches also may affect shorebird distribution during 
foraging (Colwell 2010). However, we did not find that sand grain size was related to the 
density of foraging shorebirds during our study. This is contrary to other studies which 
examined sediment grain size in relation to shorebirds in mudflats and found that as sand 
grains became finer, densities of shorebirds increased (Colwell 2010, Van Dusen et al. 
2012). Yates et al. (1993) also found that shorebird densities could be accurately 
predicted based on sediment size alone. Finn et al. (2008) suggested that coarse sand 
grains and shell hash have higher substrate resistance, which subsequently decreases prey 
detection and capture in probing shorebirds and likely leads to the negative relationship 
previously described (Finn et al. 2008). In contrast, Botton et al. (1994) found that 
shorebirds were not choosing foraging sites based on sediment grain size in the Delaware 
Bay. Botton et al. (1994) theorized that less energy is required by shorebirds to forage on 
horseshoe crab eggs (non-mobile, high detectability due to color contrast) compared with 
polychaetes and mussels, and therefore differences in sand grain sizes are not a driving 
factor in foraging decisions. Our results corroborate that for shorebirds foraging on 
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horseshoe crab eggs in a sandy substrate rather than polychaetes in a mudflat, sediment 
grain size is not a determinate factor.  
We also examined sand grain size as a factor affecting the distribution of 
horseshoe crab eggs across study plots. Sand grain size affects both the drainage and 
oxygen content of sand and subsequently has been found to affect where horseshoe crabs 
lay their eggs (Anderson and Shuster 2003, Smith et al. 2011). However, we did not find 
that the difference in sand grain size among our plots affected the distribution of eggs 
among our plots. The range of sand grain sizes measured in our study (150.9 - 346.4 
micrometers) was similar to other spawning beaches in South Carolina (166 - 260 
micrometers; Thompson 1998). In contrast, mean sand grain sizes at beaches in Florida 
and Delaware where horseshoe crabs spawned were coarser (310 micrometers and 890 – 
2,130 micrometers, respectively; Penn and Brockmann 1994, Smith et al. 2011). A study 
of spawning beaches in Jamaica Bay, New York found similar sand grain sizes (160 - 540 
micrometers) to our study, and also concluded that sand grain size was not correlated to 
abundance of horseshoe crab eggs at their study sites (Botton et al. 2006). Previous 
studies have found that the optimal sand grain size for development of horseshoe crab 
eggs is between 350 - 500 micrometers (Smith et al. 2002), which are larger particle sizes 
than we observed in our study. Therefore, other variables may be more important than 
differences in sand grain size for determining distribution of eggs at Cape Romain NWR.  
Differences in beach characteristics also may have affected the distribution of 
horseshoe crab eggs and subsequently birds at our study plots. We found a patchy 
distribution of horseshoe crab eggs across our plots with significant between plot 
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differences in egg densities even between adjacent plots, which corroborated findings by 
Pooler et al. (2003) who showed that egg densities in 100 m segments were not indicative 
of an entire beach. For example, densities of eggs at Bulls-B-15 were significantly higher 
than densities of eggs from Bulls-A-15 and Bulls-C-15 in 2015 despite being separated 
by only 50 m.  We hypothesize that the location of Bulls-B-15 could have attracted more 
crabs than Bulls-A-15 which was bordered by a marsh on the northeastern side, and 
Bulls-C-15, which was bordered by an area of higher wave energy on the south side. 
Both marsh habitats and areas of higher wave energy are not ideal spawning habitat 
(Botton et al. 1994) and therefore the middle location of Bulls-B-15 could have 
encouraged more spawning activity in that area.  Another beach characteristic that could 
have affected densities of eggs was the presence of peat. For example, the density of eggs 
at Marsh-A-15 in 2015 was low and we posit that it was a subsurface layer of peat 
beneath the sand that may have inhibited egg deposition there. Horseshoe crabs tend to 
avoid a peaty substrate due to hydrogen sulfide which can hinder development of eggs 
(Botton et al. 1988, Penn and Brockmann 1994, Anderson and Shuster 2003).  
 
Survey design and future considerations 
We conducted our surveys during spring migration and at targeted horseshoe crab 
spawning sites, and subsequently documented differences in abundance of shorebird 
species compared with other studies conducted in Cape Romain NWR which monitored 
shorebirds throughout the annual cycle and across the entire refuge. For example, 
previous studies in Cape Romain NWR report dunlin as the most abundant shorebird 
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(Cubie et al. 2012, Dodd and Spinks 2001, Wallover et al. 2015). However, dunlin was 
not the most abundant shorebird in our study (12% of shorebirds in 2015, and 3.4% of 
shorebirds in 2016). An explanation for the comparatively lower abundances of dunlin 
during our study is that Wallover et al. (2015) found that dunlin peaked in February, so 
our study would have missed the peak abundance of dunlin at Cape Romain NWR. 
Additionally, increased survey effort could have enhanced the accuracy of our shorebird 
data. Stopover length for shorebirds can be as short as one day and by not surveying each 
plot every day, we may have neglected to record species with short residence times.   
 We conducted surveys of spawning horseshoe crabs as a supplemental method to 
measure abundance of horseshoe crabs. Although our sample size was limited, we found 
that beaches with high densities of crabs counted during spawning surveys (both evening 
and day surveys) also supported high densities of eggs collected from core samples. 
Because collecting core samples of sand to measure density of eggs is labor intensive, 
spawning surveys may provide a less expensive or time-consuming method to assess 
availability of eggs. Spawning surveys do not, however, provide a direct measure of egg 
density. Spawning surveys are generally conducted on the evening high tides in order to 
capture the higher abundance of crabs spawning at night compared to during the day. It is 
generally hypothesized that crabs spawn more at night due to higher tide heights 
(Anderson and Shuster 2003). However, this pattern is not always true in all parts of their 
range. For example, researchers found no difference between day and night spawning 
crabs in Cape Cod (James-Pirri et al. 2005) and in New Hampshire (Cheng et al. 2015). 
In South Carolina, Thompson (1998) found that horseshoe crab spawning densities were 
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higher on evening tides. Therefore it is likely that abundance of spawning crabs numbers 
may be higher at night in Cape Romain NWR. However, conducting night surveys in 
Cape Romain NWR can be difficult logistically due to accessibility of remote islands. We 
cannot determine whether our daytime spawning numbers are comparable to night 
surveys (due to limited night survey data), but our limited sample of data suggest that 
daytime surveys of horseshoe crabs are sufficient for predicting sites that are used by 
shorebirds in Cape Romain NWR. Therefore, using day time surveys of horseshoe crabs 
can be useful to predict shorebird sites if the research goal is to predict areas for 
shorebirds, but not necessarily to count the abundance of crabs.  
Spawning densities recorded only during the spring migration of shorebirds are 
not indicative of the overall spawning densities of a horseshoe crab population (Smith 
and Michels 2006). Therefore, to more accurately measure the horseshoe crab population 
in Cape Romain NWR, a long-term study would need to be conducted over the entire 
spawning season. Other variables also should be considered when designing a spawning 
survey for horseshoe crabs in Cape Romain NWR. Horseshoe crab spawning is related to 
a number of variables including tide height, temperature, lunar phase, wind direction, 
time of day, salinity, and beach composition (Rudloe 1980, Barlow et al. 1986, Penn and 
Brockmann 1994, Smith et al. 2002, Brockmann and Johnson 2011). Additionally, there 
is considerable variation in which variables affect spawning activity across their range. 
For example, a study on spawning crabs in New Hampshire found that temperature was 
the most important variable and that spawning was not correlated with new or full moons 
(Cheng et al. 2015). A study in Florida also found that activity of spawning crabs was not 
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related to moon cycle (Ehlinger et al. 2003). During our 2016 night-spawning surveys, 
we found increased crab densities two days after the full moon. The higher densities of 
crabs observed two days after the full moon could have been caused by any of the 
aforementioned variables which also may affect horseshoe crab spawning. Conducting 
multiple surveys with measures of covariates that capture daily environmental variation 
may improve our understanding of spawning activity within Cape Romain NWR.  
Several studies of horseshoe crab movements from New Hampshire to Florida 
have found that horseshoe crabs are often recaptured within 5 km of their original tagging 
location and rarely travelled long distances (Anderson and Shuster 2003, Swann 2005, 
Beekey and Mattei 2008). Schaller et al. (2010) found that average seasonal movements 
of horseshoe crabs was 4.5 km, which was determined from crabs fitted with ultrasonic 
transmitters and detected by an array of hydrophone receiving stations. Thompson (1998) 
also observed localized movements with adults returning to their original capture site to 
spawn in South Carolina. South Carolina Department of Natural Resources established a 
horseshoe crab tagging program in 1998. Anecdotally, over the course of our two field 
seasons, we did not observe any tagged crabs from locations in South Carolina or any 
other tagging locations. Given the localized distributions of horseshoe crabs at other sites 
along the Atlantic Coast, it is possible that the crabs in Cape Romain NWR are a 
localized population. Given the high site fidelity in horseshoe crabs at other locations, 
and the low amount of sites in Cape Romain NWR that have high densities of crabs, 
protecting specific sites may be important. Therefore, more research is needed to 
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determine the site fidelity of horseshoe crabs to spawning locations in Cape Romain 
NWR in order to manage areas for increased horseshoe crab egg densities for shorebirds. 
To better understand the availability of horseshoe crab eggs in Cape Romain 
NWR, additional surveys of egg densities also should be conducted. In particular, we 
suggest that collecting eggs from deeper in the substrate (up to 20 cm deep) as well as 
surveying for horseshoe crab nests (counting number of eggs in nest clumps) will provide 
a better estimate of egg densities and horseshoe crab reproductive activity in Cape 
Romain NWR. Additionally, increased knowledge of factors that affect horseshoe crab 
spawning at Cape Romain NWR will help in planning the best time to conduct egg 
surveys, which is ideally after the largest spawning events. Although we concluded that 
horseshoe crab eggs were a part of the shorebird diet at Cape Romain NWR, further 
research could investigate the presence of horseshoe crab eggs in the diet of shorebirds 
over a longer period of time and across more sites throughout the refuge. Horseshoe crabs 
in South Carolina have been observed spawning as late as September (F. Sanders pers. 
obsv). Late spawning crabs could coincide with fall migration, a time when large flocks 
of shorebirds use Cape Romain NWR as a stopover site (Dodd and Spinks 2001, Cubie et 
al. 2012, Wallover et al. 2015). Future studies could investigate whether horseshoe crab 
eggs are available to shorebirds in the fall.  Additionally, a comprehensive study of prey 
availability should be completed across all available habitats in Cape Romain NWR.  
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SUMMARY AND CONCLUSIONS 
Shorebird distributions vary across space and time with food availability (e.g. 
Colwell and Landrum 1993). The use of horseshoe crab eggs as a food resource by 
shorebirds has been examined in some high-density areas, such as the Delaware Bay 
where large flocks of shorebirds congregate to feed on the abundant horseshoe crab eggs 
(Botton et al. 2003). Researchers in other states including Connecticut, Massachusetts, 
New Hampshire, and New York also have documented shorebird use of horseshoe crab 
eggs (e.g. Cohen et al. 2010). However, the relationship between shorebirds and 
horseshoe crab eggs is not well understood in South Carolina, where migratory 
shorebirds are common and horseshoe crabs are harvested for the biomedical industry. 
The objective of this study was to determine shorebird use of horseshoe crab eggs at 
Cape Romain NWR. We identified and monitored horseshoe crab spawning sites for the 
presence of shorebirds during spring migration to determine if foraging shorebirds 
overlapped temporally and spatially with the abundance of horseshoe crab eggs. 
The results of our study indicate that horseshoe crab eggs are a part of the diet of 
migratory shorebirds in South Carolina during spring migration. We found that there is 
temporal and spatial overlap of shorebirds and horseshoe crab eggs at Cape Romain 
NWR on beaches. We also found that sites with higher densities of horseshoe crab eggs 
also supported a higher abundance of foraging shorebirds. Although the overall densities 
of spawning crabs and eggs were low compared to high-density areas along the Atlantic 
coast such as Delaware Bay, we nonetheless identified areas of high spawning densities 
that may have served to increase horseshoe crab egg availability to shorebirds. As 
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additional data continue to be collected throughout the Atlantic coast, managers may 
better be able to identify stopover sites that provide this critical food source. Results from 
this study clearly demonstrate that shorebirds in Cape Romain NWR are regularly using 
horseshoe crab eggs as a food source during spring migration and that some beaches 
appear to support higher densities of spawning crabs than others. 
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TABLES  
Table 1.  Total number of shorebird surveys conducted by week for 10 study plots in 
Cape Romain National Wildlife Refuge, South Carolina, 13 April – 12 June 2015. Week 
1= 12-18 April, week 2= 19-25 April, week 3= 26 April -2 May, week 4=3-9 May, week 
5= 10-16 May, week 6= 17-23 May, week 7=24-30 May, week 8= 31 May-6 June, Week 
9 = 7 – 13 June. Plot names are Bulls Island (Bulls), Little Bulls Island (LBull), 
Lighthouse Island (LH), Marsh Island (Marsh), North Cape Island (NCape), South Cape 
Island (SCape). *supplemental surveys of plots/areas that were not included in the 
analysis. 
Plot  
Week (2015) 
1 2 3 4 5 6 7 8 9 Total 
Bulls-A-15 1 0 2 1 2 1 1 1 2 11 
Bulls-B-15 1 0 2 1 2 1 1 1 2 11 
Bulls-C-15 1 0 2 1 2 1 1 1 2 11 
LBull-15 1 1 1 1 2 2 1 2 0 11 
LBull outside* 0 0 0 1 1 0 0 0 0 2 
LH-A-15 1 0 2 0 4 1 1 2 1 12 
LH B-15 1 0 2 0 4 1 1 2 1 12 
LH-C-15* 0 0 0 0 3 0 1 2 1 7 
Marsh-A-15 0 2 1 1 1 1 1 0 0 7 
Marsh-B-15* 0 0 0 0 0 1 1 1 1 4 
NCape-A-15 1 1 0 2 1 1 1 1 1 9 
NCape-B-15 1 1 0 2 1 1 1 1 1 9 
NCape outside* 0 0 0 0 0 1 0 1 0 2 
SCape-15 1 0 2 1 1 1 2 2 2 12 
Total 9 5 14 11 24 13 13 17 14 120 
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Table 2.  Total number of shorebird surveys conducted by week for 12 study plots in 
Cape Romain National Wildlife Refuge, South Carolina, 28 March – 11 June 2016.Week 
1=28 March-2 April, week 2=3-9 April, week 3= 10-16 April , week 4= 17-23 April, 
week 5= 24-30 April, week 6= 1-7 May, week 7= 8-14 May, week 8= 15-21 May, week 
9= 22-28 May, week 10= 29 May-4 June, week 11= 5-11 June. Plot names are Bulls 
Island (Bulls), Little Bulls Island (LBull), Lighthouse Island (LH), Marsh Island (Marsh), 
North Cape Island (NCape), South Cape Island (SCape).  
 
Plot  
Week (2016) 
1 2 3 4 5 6 7 8 9 10 11 Total 
Bulls-A-16 2 1 1 2 1 2 2 2 2 2 2 19 
Bulls-B-16 2 1 1 2 1 2 2 2 2 2 2 19 
LBull-A-16 2 1 1 2 1 2 2 1 2 2 2 18 
LBull-B-16 2 1 1 2 1 2 2 1 2 2 2 18 
LH-A-16 2 1 1 2 2 1 2 2 2 1 2 18 
LH-B-16 2 1 1 2 2 1 2 2 2 1 2 18 
LH-C-16 2 1 1 2 2 1 2 2 2 1 2 18 
Marsh-A-16 0 1 1 1 2 1 1 2 2 2 1 14 
Marsh-B-16 0 0 1 1 2 1 1 2 2 2 1 13 
NCape-A-16 1 1 0 2 2 1 2 2 2 1 2 16 
NCape-B-16 1 1 0 2 2 1 2 2 2 1 2 16 
SCape-16 1 1 0 2 2 1 3 1 2 1 2 16 
Total 17 11 9 22 20 16 23 21 24 18 22 203 
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Table 3. Number of days before (-) or after the date of the full/new moon (0) when 
horseshoe crab eggs were sampled, for 10 study plots, 13 April – 10 June 2015, and 12 
study plots 11 April- 9 June 2016 in Cape Romain National Wildlife Refuge, South 
Carolina. NA= plots not sampled. Bulls Island (BULLS), Little Bulls Island (LBULL), 
Lighthouse Island (LH), Marsh Island (MARSH), North Cape Island (NCAPE), South 
Cape Island (SCAPE). *supplemental surveys of plots that were not included in the 
analysis. ** Sampling period was not included in the final analysis due to differences in 
sampling procedure. 
 2015 Sampling dates 
 22–28 April** 3–11 May 16–19 May 1–5 June 
Plot 
New Moon** 
(18 April) 
Full Moon 
(4 May) 
New Moon  
(18 May) 
Full Moon  
(2 June) 
Bulls-A-15 9 2 1 -1 
Bulls-B-15 9 2 1 -1 
Bulls-C-15 9 2 1 -1 
L Bull-15 6 2 1 -1 
LH-A-15 10 7 -2 2 
LH-B-15 NA 7 -2 2 
LH-C*-15 NA NA NA 2 
Marsh-A-15 5 1 -1 NA 
Marsh-B-15* NA NA NA 3 
NCape-A-15 4 -1 0 0 
NCape-B-15 4 -1 0 0 
SCape-15 8 0 0 2 
  
                                2016 Sampling dates  
 11-18 April 23-25 April 7-9 May 22-24 May 6-9 June 
Plot 
New Moon       
 (7 April) 
Full Moon  
(22 April) 
New  Moon        
(6 May) 
Full Moon           
(21 May) 
New Moon  
(4 June) 
Bulls-A-16 5 1 3 1 2 
Bulls-B-16 5 1 3 1 2 
L Bull-A-16 5 1 3 1 2 
L Bull-B-16 5 1 3 1 2 
LH-A-16 11 2 2 3 4 
LH-B-16 11 2 2 3 4 
LH-C-16 11 2 2 3 4 
Marsh-A-16 4 3 1 2 5 
Marsh-B-16 4 3 1 2 5 
NCape-A-16 11 2 2 3 4 
NCape-B-16 11 2 2 3 4 
SCape-16 11 2 2 3 4 
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Table 4. Species of shorebirds and gulls observed from 2015-2016 across 10 study plots, 
13 April- 12 June 2015, and 12 study plots, 28 March- 11 June 2016, Cape Romain 
National Wildlife Refuge, South Carolina.  Where AMOY= American oystercatcher, 
BBPL=black bellied plover (Pluvialis squatarola), DUNL=dunlin,  HEGU= herring gull, 
LAGU=laughing gull, LESA=least sandpiper (Calidris minutilla),  MAGO=marbled 
godwit (Limosa fedoa), PIPL=piping plover, REKN=red knot, RING= ring billed gull 
(Larus delawarensis), RUTU=ruddy turnstone, SAND=sanderling, SBDO=short-billed 
dowitcher, SEPL= semipalmated plover (Charadrius semipalmatus), SESA 
=semipalmated sandpiper, SPSA= spotted sandpiper (Actitis macularius), WESA= 
western sandpiper (Calidris mauri), WILL= willet, WIPL= Wilson’s plover, and WRSA= 
white-rumped sandpiper (Calidris fuscicollis). 
2015 2016 
Species Percenta
ge of all 
counts 
Mean 
amon
g all 
counts 
Maximu
m 
observed 
during 
any count 
Species Percentag
e 
of all 
counts 
Mean 
among 
all 
counts 
Maximu
m 
observe
d during 
any 
count 
SAND 38.00 26.99 291 SAND 47.82 27.47 502 
RUTU 17.72 14.42 240 SESA 15.52 8.94 154 
SESA 15.71 13.29 378 RUTU 15.50 8.83 228 
DUNL 11.69 10.28 450 REKN 5.76 3.37 186 
SBDO 5.13 4.51 209 SBDO 5.55 3.1 79 
REKN 4.93 4.06 120 DUNL 3.40 1.9 144 
WILL 2.47 2.13 31 WILL 2.19 1.25 26 
SEPL 1.70 1.47 48 LAGU 1.70 0.95 65 
LAGU 0.72 0.33 17 MAGO 0.95 0.53 32 
BBPL 0.68 0.55 10 SEPL 0.52 0.29 8 
MAGO 0.59 0.52 39 BBPL 0.34 0.19 4 
RING 0.26 0.22 4 WRSA 0.31 0.17 11 
AMOY 0.20 0.17 4 HEGU 0.25 0.14 10 
WIPL 0.09 0.07 2 LESA 0.07 0.03 4 
SPSA 0.06 0.05 2 PIPL 0.03 0.01 2 
PIPL 0.05 0.04 3 SPSA 0.03 0.01 2 
Total 100   AMOY 0.02 0.01 1 
    WIPL 0.02 0.009 1 
    RING 0.01 0.004 1 
    WESA 0.01 0.004 1 
    Total 100   
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Table 5. Shorebird densities (birds/200m2) across 9 sampling weeks for combined 10 
study plots in 13 April – 12 June 2015, and across 11 sampling weeks for combined 12 
study plots, 28 March- 11 June 2016, in Cape Romain National Wildlife Refuge, South 
Carolina. 
 2015  2016 
Week Mean ± SD Week Mean ± SD 
1 2.1e ± 3.3 1 1.0ef ± 1.7 
2 12.6bcde ± 22.9 2 1.3f ± 2.9 
3 4.1de ± 6.6 3 8.4abcd ± 11.8 
4 6.8bcd ± 7.8 4 23.2bc ± 54.2 
5 20.9ab ± 31.4 5 10.8cde ± 32.1 
6 88.0a ± 166.4 6 25.5cde ± 80.5 
7 5.0cde ± 4.2 7 27.9ab ± 84.9 
8 8.1bc ± 10.6 8 15.9bc ± 28.9 
9 10.8bcd ± 16.4 9 4.4cde ± 8.8 
  10 52.6a ± 91.6 
  11 5.0def ± 10.4 
a,b,c,d,e,f Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P<0.05) 
 
 
51 
 
Table 6. Summary of shorebird surveys (mean, standard deviation, range of birds/200m2, and range of birds/survey) for 10 
individual study plots 13 April – 12 June 2015, and for 12 individual study plots, 28 March – 11 June 2016, in Cape Romain 
National Wildlife Refuge, South Carolina. 
a,b,c,d,e,f Means with same superscript letter are not statistically different (ANOVA; means compared by LSD tests; P<0.05)  
  
2015 2016 
Plot Mean ± SD 
Density 
range  
Count 
range  
Plot Mean ± SD 
Density 
range  
Count 
range  
Bulls-A-15 1.9de ± 2.4 0-7.6 0-84 Bulls-A-16 9.4cd ± 17.3 0-72.5 0-145 
Bulls-B-15 14.8bc ± 18.6 0.3-47.5 3-209 Bulls-B-16 9.1cdef ± 19.1 0-72 0-216 
Bulls-C-15 2.0e ± 3.2 0-9.0 0-47 LBulls-A-16 2.4f ± 3.5 0-9.7 0-92 
LH-A-15 21.0bc ± 37.4 0-134.0 0-268 LBulls-B-16 6.3cdef ± 10.9 0-39.4 0-197 
LH-B-15 8.6bc ± 9.4 0-28.3 0-85 LH-A-16 2.5def ± 3.3 0-11 0-33 
LBulls-15 79.5a ± 158.6 4.5-549.5 18-1099 LH-B-16 4.0def ± 8.2 0-34 0-34 
Marsh-A-15 23.9ab ± 36.7 1.4-102.0 39-619 LH-C-16 2.2ef ± 2.8 0-9.3 0-30 
NCape-A-15 9.8bcde ± 16.0 0-50.2 0-301 Marsh-A-16 23.79b ± 27.9 0-98 0-313 
NCape-B-15 3.9cde ± 3.1 0-11.0 0-22 Marsh-B-16 180.4a ± 142.2 3-420 3-877 
Scape-15-15 5.5bcd ± 4.4 0-11.3 0-34 NCape-A-16 9.9bc ± 13.1 0-39 0-109 
    NCape-B-16 10.9cde ± 19.4 0-63.3 0-190 
    SCape-16 3.4cdef  ± 4.2 0.2-18 1-19 
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Table 7a. Summary of surveys for horseshoe crab eggs (sample size, mean, standard deviation, and maximum) for 10 study 
plots 3 May – 5 June 2015, and for 12 study plots, April – June 2016, in Cape Romain National Wildlife Refuge, South 
Carolina. 
2015 2016 
Plot N Mean ± SD Max. Plot N 
Mean ± 
Standard 
Deviation 
Max. 
Bulls-A-15 30 1.9de ± 6.5 31 Bulls-A-16 50 0.7b ± 3.6 25 
Bulls-B-15 30 56.3ab ± 137.1 545 Bulls-B-16 50 0.5b ± 2.6 18 
Bulls-C-15 30 2.0de ± 10.4 57 LBulls-A-16 50 0.2b ± 1.3 8 
LBulls-15 40 40.5a ± 95.3 492 LBulls-B-16 50 0.7b ± 3.1 16 
LH-A-15 30 10.5cd ± 46.5 256 LH-A-16 50 0.0b ± 0.2 1 
LH-B-15 30 0.1e ± 0.3 1 LH-B-16 50 0.0b ± 0.0 0 
Marsh-A-15 20 3.3de ± 10.9 49 LH-C-16 50 0.0b ± 0.0 0 
NCape-A-15 30 6.9bc ± 14.0 72 Marsh-A-16 40 79.2a ± 140.9 496 
NCape-B-15 30 0.1e ± 0.3 1 Marsh-B-16 50 71.5a ± 121.7 646 
Scape-15 30 2.5e ± 13.9 76 NCape-A-16 50 0.1b ± 0.9 6 
    NCape-B-16 50 0.2b ± 1.7 12 
    SCape-16 50 0.6b ± 4.0 28 
a,b,c,d,e Means with same superscript letter are not statistically different (ANOVA; means compared by LSD tests; P<0.05)
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Table 7b. Summary of surveys for horseshoe crab eggs reported as eggs/m2 (mean, 
standard deviation, and maximum) for 10 study plots in Cape Romain National Wildlife 
Refuge, South Carolina, 3 May – 5 June 2015, and for 12 study plots in Cape Romain 
National Wildlife Refuge, South Carolina, 11 April – 9 June 2016. *supplemental 
surveys of Marsh B were not included in the analysis in 2015. 
2015 2016 
Site Mean ± SD 
Maximu
m 
Site Mean ± SD Maximu
m 
Bulls-A-15 79.3 ± 275.8 1,316.4 Bulls-A-16 7.6 ± 26.7 127.4 
Bulls-B-15 2,392.1 ± 5,822.5 23,142.3 Bulls-B-16 17.8 ± 91.2 636.9 
Bulls-C-15 86.3 ± 441.4 2,420.4 LBulls-A-16 6.8 ± 48.0 339.7 
LBulls-15 1,718.7 ± 4,045.8 20,891.7 LBulls-B-16 28.0 ± 122.1 636.9 
LH-A-15 447.3 ± 1,975.8 10,870.5 LH-A-16 0.8 ± 6.0 42.5 
LH-B-15 2.8 ± 10.8 42.5 LH-B-16 0.0 ± 0.0 0.0 
Marsh-A-15 140.1 ± 464.4 2,080.7 LH-C-16 0.0 ± 0.0 0.0 
Marsh-B-15* 8,913.0 ± 8,091.9 21,868.4 Marsh-A-16 3,061.6 ± 5,577.2 21,061.6 
NCape-A-15 294.4 ± 594.5 3,057.3 Marsh-B-16 2,902.8 ± 5,083.6 27,388.5 
NCape-B-15 4.3 ± 13.0 42.5 NCape-A-16 5.1 ± 36.0 254.8 
Scape-15 107.6 ± 589.2 3,227.2 NCape-B-16 10.2 ± 72.1 509.6 
    SCape-16 23.8 ± 168.1 1,189.0 
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Table 8. Summary of horseshoe crab egg densities (eggs/composite core) by sampling 
period (see Methods for period definition), for 10 study plots, 3 May – 5 June 2015 and 
for 12 study plots 11 April – 9 June 2016, in Cape Romain National Wildlife Refuge, 
South Carolina. In 2015 sampling period 1 was excluded from the data set due to 
differences in sampling procedure.  
2015 2016 
Sampling 
period 
N Mean ± SD 
Sampling 
period 
N 
Mean ± SD 
 
2 100 6.5b ± 29.0 1 110 1.6 ± 9.9 
3 110 26.1a ± 90.4 2 120 9.1  ± 34.4 
4 90 6.4b ± 31.8 3 120 11.5  ± 49.4 
   4 120 10.3 ± 62.7 
   5 120 21.1 ± 82.8 
a,b Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P<0.05) 
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Table 9. Abundance and density of spawning horseshoe crabs at 6 survey islands, Cape 
Romain National Wildlife Refuge, South Carolina, 2 June 2015. *Only surveyed western 
side of the island due to harvesting activity taking place on the north end of the island at 
the time of the survey. Harvesters estimated that 100 crabs were collected from Little 
Bulls Island on that evening. 
Site 
Number 
pairs 
Number 
satellite 
males 
Number 
solitary 
males 
Number 
solitary 
females 
Total Density 
(crabs/m2) 
Little Bulls * 0 0 0 0 0 0 
Marsh  186 57 11 1 441 0.22 
North Cape 2 0 0 0 4 0.01 
Bulls  23 14 27 0 87 0.15 
Lighthouse 0 0 0 0 0 0 
South Cape 0 0 0 0 0 0 
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Table 10. Mean and maximum counts of horseshoe crabs among dates during nocturnal 
spawning surveys, 21 May - 23 May 2016, Cape Romain National Wildlife Refuge, 
South Carolina. 
Date N (sites) Mean ± SD Maximum 
5/21/2016 6 0.003b ± 0.007 0.017 
5/22/2016 6 0.016b ± 0.036 0.091 
5/23/2016 6 0.046a ± 0.090 0.229 
a,b Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P < 0.05) 
 
 
Table 11. Mean and maximum counts of horseshoe crabs among survey sites during 
nocturnal spawning surveys, 21 May - 23 May 2016, Cape Romain National Wildlife 
Refuge, South Carolina. 
Site N (nights) Mean ± SD Maximum 
Bulls  3 0.0068 bc ± 0.0092 0.0174 
Little Bulls 3 0.0073 b ± 0.0078 0.0160 
Lighthouse 3 0.0016 cd ± 0.0028 0.0049 
Marsh 3 0.1123 a ± 0.1079 0.2294 
North Cape 3 0.0027 bcd ± 0.0046 0.0080 
South Cape 3 0.0003 d ± 0.0006 0.0010 
a,b,c,d Means with same superscript letter are not statistically different (ANOVA; means compared 
by LSD tests; P < 0.05) 
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Table 12. Mean density of horseshoe crabs (crabs/m2) during diurnal spawning surveys 
among survey plots, 28 March - 11 June 2016, Cape Romain National Wildlife Refuge, 
South Carolina.  
Plot N Mean ± SD 
Bulls-A-16 19 0.0005c ± 0.0016 
Bulls-B-16 18 0.0013c ± 0.0020 
LBulls-A-16 15 0.0025c ± 0.0035 
LBulls-B-16 16 0.0064c ± 0.0130 
LH-A-16 14 0.0003c ± 0.0007 
LH-B-16 15 0.0011c ± 0.0021 
LH-C-16 13 0.0009c ± 0.0024 
Marsh-A-16 13 0.0987b ± 0.2198 
Marsh-B-16 10 0.2204a ± 0.3684 
NCape-A-16 13 0.0039c ± 0.0082 
NCape-B-16 13 0.0034c ± 0.0107 
SCape-16 13 0.0005c ± 0.0015 
a,b,c Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P < 0.05) 
 
 
Table 13. Mean density of horseshoe crabs (crabs/m2) during diurnal spawning surveys 
among weeks, 28 March - 11 June 2016, Cape Romain National Wildlife Refuge, South 
Carolina. 
Week N Mean ± SD 
1 16 0.0000bcd ± 0.0000 
2 11 0.0020bcd ± 0.0031 
3 9 0.0277bcd ± 0.0748 
4 22 0.0001d ± 0.0004 
5 21 0.0055cd ± 0.0133 
6 17 0.0731bc ± 0.2843 
7 20 0.0465a ± 0.1203 
8 11 0.0029bcd ± 0.0090 
9 14 0.0004d ± 0.0012 
10 11 0.0309bc ± 0.0521 
11 20 0.0428b ± 0.1758 
a,b,c Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P < 0.05) 
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Table 14. Spawning index, operational sex ratio (OSR), and density of horseshoe crabs 
from 2 June 2015 survey at 3 sites in Cape Romain National Wildlife Refuge, South 
Carolina, and 6 sites from 21-23 May 2016, compared with data from four other sites 
along the Atlantic Coast (Monomoy National Wildlife Refuge, Massachusetts; Sandy 
Point, Connecticut; Cape May, New Jersey; and Delaware Bay, Delaware). 
Site 
Spawning 
index 
(females/m2) 
OSR 
(M:F) 
Density 
(crabs/m2) Source 
2015 Marsh Island, SC 0.09 1.4 0.22 This report 
2015 North Cape, SC 0.003 1.0 0.01 This report 
2015 Bulls Island, SC 0.04 2.8 0.15 This report 
2016 Bulls Island, SC 0.005 2.8 0.017 This report 
2016 Little Bulls Island, 
SC 
0.007 1.4 0.016 
This report 
2016 Lighthouse Island, 
SC 
0.002 1.1 0.005 
This report 
2016 Marsh Island, SC 0.069 2.3 0.22 This report 
2016 North Cape, SC 0.003 1.6 0.008 This report 
2016 South Cape, SC 0.001 0.0 0.001 This report 
Monomoy NWR, MA 0.03 1.9 0.06 James-Pirri et al. 
2005 
Sandy Point, CT 0.09 2.9 No data Mattei et al. 
2010 
Cape May, NJ 0.75 3.5 2.63 Smith et al. 2002 
DE Bay 1.01 3.5 3.54 Smith et al. 2002 
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Table 15. Average counts of 9 shorebird species (only species with greater than 1% of total observed shorebirds for either 
year) in relationship to average densities of horseshoe crab eggs at study plots (n = 10 in 2015, n = 12 in 2016) in Cape 
Romain National Wildlife Refuge, South Carolina, 13 April- 12 June 2015, and 28 March- 11 June 2016. Significant results 
are bolded and italicized.  
Species 2015 2016 
 Slope ± SE P value r2 Slope ± SE P value r2 
Sanderling 1.57 ± 0.61 p=0.03 r2=0.44 1.4 ± 0.24 p=0.0002 r2=0.77 
Willet 0.06 ± 0.02 p=0.06 r2=0.37 0.059 ± 0.007 p=<0.0001 r2=0.85 
Semipalmated 
Sandpiper 
0.795 ± 0.28 p=0.03 r2=0.42 0.49 ± 0.108 p=0.001 r2=0.68 
Dunlin -0.24 ± 0.85 p=0.78 r2=0.01 0.14 ± 0.03 p=0.003 r2=0.60 
Red Knot 0.424 ± 0.10 p=0.003 r2=0.68 0.28 ± 0.01 p=<0.001 r2=0.98 
Semipalmated 
Plover 
-0.06 ± 0.12 p=0.62 r2=0.03 0.001 ± 0.003 p=0.79 r2=0.007 
Ruddy Turnstone 0.89 ± 0.23 p=0.005 r2=0.65 0.61 ± 0.05 p=<0.0001 r2=0.93 
Short-billed 
Dowitcher 
0.07 ± 0.20 p=0.72 r2=0.016 0.28 ± 0.01 p=<0.0001 r2=0.96 
Laughing Gull -0.00009±0.003 p=0.97 r2=<0.0001 0.088 ± 0.01 p=<0.0001 r2=0.81 
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Table 16. Mean sand grain sizes (micrometers) across 11 study plots, 10-26 April 2016, 
Cape Romain NWR, South Carolina. 
 
Mean sand grain size (μm) ± 
SE Mean phi ± SE 
Bulls-A-16 150.9d ± 0.32 2.73 ± <0.01 
Bulls-B-16 150.44d ± 0.42 2.73 ± <0.01 
LBulls-A-16 151.1d ± 0.61 2.73 ± 0.01 
LBulls-B-16 163.96d ± 6.27 2.61 ± 0.05 
LH-A-16 225.32b ± 22.2 2.17 ± 0.13 
LH-B-16 202.98bcd ± 14.07 2.31 ± 0.1 
LH-C-16 224.04bc ± 6.82 2.16 ± 0.05 
Marsh-A-16 168.42cd ± 6.01 2.57  ± 0.05 
NCape-A-16 156.02
d ± 5.15 2.68 ± 0.05 
NCape-B-16 190.28
bcd ± 18.35 2.42 ± 0.14 
Scape-16 346.42
a ± 56.04 1.6 ± 0.21 
a,b,c,d Means with same superscript letter are not statistically different (ANOVA; means 
compared by LSD tests; P<0.05) 
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Table 17. Presence of DNA from horseshoe crabs (HSC) as determined from qPCR 
analysis of fecal samples (n = 100) collected from shorebirds, 19 April- 9 June 2016, 
Cape Romain NWR, South Carolina.  
Plot Date No. samples 
with ≥ 1 
replicate with 
HSC DNA 
Total 
samples 
tested 
% samples 
for HSC 
DNA 
Average Cq 
values 
Bulls-B-16 19-April 18 20 90 39.3 
Marsh-A-16 23-May 11 11 100 37.3 
Marsh-A-16 9-June 15 15 100 36.4 
Marsh-B-16 21-April 8 10 80 39.2 
Marsh-B-16 11-May 20 20 100 35.6 
Marsh-B-16 15-May 10 10 100 35.8 
Marsh-B-16 23-May 13 14 93 37.2 
Total  95 100   
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FIGURES 
Figure 1. Shorebird and horseshoe crab survey plots, Cape Romain National Wildlife 
Refuge, South Carolina, April-June 2015, March- June 2016. Number of plots within 
each site for 2015 and 2016, respectively, were Bulls Island n = 3, n = 2; Little Bulls 
Island n = 1, n = 2; Marsh Island n = 1, n = 2; Lighthouse Island n = 2, n = 3; South Cape 
Island n = 1, n = 1; North Cape Island n = 2, n = 2. Plot location differed between years.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
South 
Carolina 
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Figure 2. Schematic of the transect method used when counting spawning horseshoe 
crabs  during night and daytime surveys, 2015 and 2016, Cape Romain National Wildlife 
Refuge, South Carolina. 
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Observer 2 
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5 meters 
Survey route 
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Figure 3. Counts of shorebirds (all species combined) observed for all study plots 
combined, A.) 2015 (n = 10 plots) and B.) 2016 (n = 12 plots). Shorebird surveys were 
conducted 13 April- 12 June 2015, and 28 March- 11 June 2016, Cape Romain National 
Wildlife Refuge, South Carolina.  
 
 
 
A 
B 
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Figure 4. Counts of the 6 most abundant foraging shorebird species totaled across 10 
plots in Cape Romain National Wildlife Refuge, South Carolina, 13 April – 12 June 
2015. (A) red knot (REKN), (B) ruddy turnstone (RUTU), (C) dunlin (DUNL), (D) 
semipalmated sandpiper (SESA), (E) sanderling (SAND), and  (F) short-billed dowitcher 
(SBDO). Each point within a date represents a survey at one of 10 individual plots. 
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Figure 5. Counts of the 6 most abundant foraging shorebirds totaled across 12 plots in 
Cape Romain National Wildlife Refuge, South Carolina, 28 March – 11 June 2016. (A) 
red knot (REKN), (B) ruddy turnstone (RUTU), (C) dunlin (DUNL), (D) semipalmated 
sandpiper (SESA), (E) sanderling (SAND), and  (F) short-billed dowitcher (SBDO). Each 
point within a date represents a survey at one of 12 individual plots.  
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Figure 6. Counts of (A) eggs (eggs/composite core), for all 10 study plots over time in 
Cape Romain National Wildlife Refuge, South Carolina, 22 April – 5 June 2015 and (B) 
eggs for all 12 study plots over time in Cape Romain National Wildlife Refuge, South 
Carolina, 11 April – 9 June 2016. 
 
 
  
B 
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Figure 7. Mean number of spawning groups (number of males per/female) observed 
during night surveys of horseshoe crab spawning, 21-23 May 2016, Cape Romain 
National Wildlife Refuge, South Carolina. (A) Marsh Island (MARSH), and (B) Bulls 
Island (BULLS), Little Bulls Island (LBULL), North Cape Island (NCAPE), and South 
Cape Island (SCAPE). 
 
 
 
A 
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Figure 8. Density (log + 1 birds/200 m2) of shorebirds in relation to density (log + 1) of 
horseshoe crab eggs (per composite core) for 10 study plots, 13 April – 12 June 2015, 
Cape Romain NWR. Final model, log shorebird density = 1.7 + 1.06*log density of 
horseshoe crab eggs.  
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Figure 9.  Density of shorebirds (log + 1 birds/200m2) in relation to density (log + 1) of 
horseshoe crab eggs (per composite core) for 12 study plots, 28 March – 11 June 2016, 
Cape Romain NWR. Final model, Log shorebird density = 1.7 + 1.53 * log density of 
horseshoe crab eggs. 
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Figure 10. Ranked density of shorebirds (log + 1 birds/200m2) in relation to ranked 
density (log + 1) of horseshoe crab eggs (per composite core) for 22 study plots, 2015-
2016, Cape Romain NWR. Final model, rank shorebird density = 2.12 + 0.65 * rank 
density of horseshoe crab eggs. 
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Figure 11. Density of shorebirds (log + 1 birds/200m2) in relation to mean density of 
spawning crabs (day surveys) (log + 1) for 12 study plots, 28 March – 11 June 2016, 
Cape Romain NWR. Final model, Log shorebird density = 1.8 + 1.17 * log density of 
spawning crabs. 
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Figure 12. Cumulative frequency of sand grain sizes (in phi units*) by site (n = 6) (A), 
and by plot (n = 11) (B), 10-26 April 2016, Cape Romain NWR, South Carolina. *The 
conversion from mm to Φ units is: Φ = -log2 (diameter of the particle in mm). 
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Figure 13.  Density (log + 1) horseshoe crab eggs (per composite core) in relation to 
sediment grain size (micrometers) for 11 plots,  28 March – 11 June 2016, Cape Romain 
NWR, South Carolina. Final model, Log egg density = 1.07 – 0.003 * sand grain size. 
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Figure 14. Density (log + 0.005) of spawning crabs (daytime) in relation to sediment 
grain size (micrometers) for 11 plots,  28 March – 11 June 2016, Cape Romain NWR, 
South Carolina. Final model, Log crab density = 1.3 – 0.005* sand grain size. 
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Figure 15.  Density of shorebirds (log + 1 birds/200m2) in relation to sediment grain size 
(micrometers) for 11 study plots, 28 March – 11 June 2016, Cape Romain NWR. Final 
model, Log shorebird density = 3.21 - 0.006 * sand grain size. 
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Figure 16. A) Average Cq values and B) percent positive samples between months 
sampled of shorebird fecal samples (n = 100), 19 April- 9 June 2016, Cape Romain 
NWR, South Carolina. *indicates statistically significant difference in result, ANOVA, 
LSD tests P < 0.05.  
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Figure 17. Counts of shorebirds and the percent of fecal samples collected from shorebirds with a positive result for horseshoe 
crab DNA at Marsh Island Plot B, 19 April- 9 June 2016, Cape Romain NWR, South Carolina. Note: Fecal samples were only 
tested on four occasions, therefore dates without bars were not sampled. 
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Figure 18. A) Average Cq values and B) percent positive samples between plots sampled 
for shorebird fecal samples (n = 100), 19 April- 9 June 2016, Cape Romain NWR, South 
Carolina. *indicates statistically significant difference in result, ANOVA, LSD tests P < 
0.05. 
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Appendix A 
Species compositions (percentage of total) for shorebird fecal samples collected by date and plot, 19 April- 9 June 2016, Cape 
Romain NWR, South Carolina.  
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4/19/2016 Bulls-B-16 3.3 82.6 1.1 0.0 0.0 0.0 0.8 2.5 0.0 1.9 0.0 7.2 0.0 0.6 0.0 100 
4/21/2016 Marsh-B-16 4.9 81.6 1.2 11.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 100 
5/11/2016 Marsh-B-16 27.1 38.3 1.2 0.0 0.2 17.5 0.8 0.1 0.0 5.4 0.1 9.2 0.0 0.0 0.0 100 
5/15/2016 Marsh-B-16 23.8 43.0 0.8 0.0 0.0 17.6 0.7 2.4 0.1 6.8 0.0 4.5 0.0 0.3 0.0 100 
5/23/2016 Marsh-A-16 30.3 33.7 1.1 0.0 0.0 15.7 4.5 0.0 0.0 0.0 0.0 13.5 1.1 0.0 0.0 100 
5/23/2016 Marsh-B-16 16.4 52.9 0.5 0.0 0.0 0.0 4.8 2.9 0.0 20.2 0.5 1.9 0.0 0.0 0.0 100 
6/9/2016 Marsh-A-16 6.7 3.1 6.7 0.4 0.0 36.0 0.0 1.3 0.0 9.3 0.0 31.6 0.0 0.0 4.9 100 
 Average 16.4 47.9 1.8 1.7 0.03 12.4 1.7 1.3 0.02 6.2 0.1 9.7 0.3 0.1 0.7  
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Appendix B 
Index of 95 bands resighted during shorebird surveys in Cape Romain National Wildlife 
Refuge, South Carolina, 7 April 2015 - 11 June 2015 and 31 March- 19 May 2016. 
Species abbreviations include: American oystercatcher (AMOY), dunlin (DUNL), piping 
plover (PIPL), red knot (REKN), ruddy turnstone (RUTU), sanderling (SAND), 
semipalmated sandpiper (SESA), and Wilson’s plover (WIPL).  
Date 
Site Species Flag 
code 
Flag color Geoloc-
ator 
Country 
banded 
4/7/2015 
Marsh AMOY 
   
  USA (South 
Carolina) 
4/9/2015 Lighthouse AMOY I9 BLUE LEG BAND  
4/10/2015 
L Bull PIPL 
 ORANGE 
 USA (Great 
Lakes) 
4/13/2015 
L Bull AMOY 
  
 USA (South 
Carolina) 
4/13/2015 
L Bull PIPL 
  
 USA (Great 
Lakes) 
4/13/2015 L Bull PIPL C2 WHITE  Canada 
4/13/2015 L Bull PIPL KK BLACK  Canada 
4/20/2015 Lighthouse PIPL  GREEN   USA 
4/23/2015 Marsh REKN X1J LIME   USA 
4/24/2015 L Bull REKN 2H0 LIME   USA 
4/30/2015 L Bull SAND 70V LIME   USA 
5/2/2015 Marsh REKN 350 LIME GEO USA 
5/12/2015 L Bull REKN 648 LIME   USA 
5/12/2015 Bulls RUTU 8UT LIME   USA 
5/12/2015 L Bull REKN 90X LIME   USA 
5/12/2015 L Bull DUNL YKA D GREEN   USA 
5/12/2015 L Bull DUNL YKE D GREEN   USA 
5/15/2015 Marsh REKN 632 LIME   USA 
5/16/2015 Lighthouse REKN 517 LIME   USA 
5/16/2015 Lighthouse REKN 570 LIME   USA 
5/17/2015 Marsh REKN 632 LIME   USA 
5/17/2015 Marsh REKN 2MN LIME   USA 
5/17/2015 Marsh REKN C53 LIME   USA 
5/17/2015 Marsh REKN X58 LIME   USA 
5/18/2015 N Cape RUTU 4TH LIME   USA 
5/19/2015 Bulls REKN 62 WHITE GEO Canada 
5/19/2015 Bulls REKN ?5E ORANGE   Argentina 
5/19/2015 Bulls REKN 0X ORANGE   Argentina 
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5/19/2015 L Bull SAND P0K LIME   USA 
5/19/2015 L Bull REKN T8L ORANGE   Argentina 
5/19/2015 Bulls REKN X6A LIME   USA 
5/19/2015 L Bull DUNL XVN D GREEN   USA 
5/20/2015 L Bull REKN 642 LIME   USA 
5/20/2015 L Bull REKN 8H0 LIME   USA 
5/20/2015 L Bull SESA EV2 ?    
5/20/2015 L Bull SAND P0K LIME   USA 
5/21/2015 L Bull REKN 62 WHITE GEO Canada 
5/21/2015 L Bull REKN 344 LIME GEO USA 
5/21/2015 L Bull REKN 570 LIME   USA 
5/21/2015 L Bull REKN 648 LIME   USA 
5/21/2015 L Bull REKN 682 LIME   USA 
5/21/2015 L Bull REKN  3 E9 LIME   USA 
5/21/2015 L Bull REKN 4K ORANGE   Argentina 
5/21/2015 L Bull RUTU 7AE LIME   USA 
5/21/2015 L Bull SESA 7X7 LIME   USA 
5/21/2015 L Bull REKN 9CK LIME   USA 
5/21/2015 
L Bull AMOY 
BN BLUE LEG BAND 
USA (South 
Carolina) 
5/21/2015 L Bull SESA JV6 BLUE   Brazil 
5/21/2015 L Bull SESA M3Y LIME   USA 
5/21/2015 L Bull REKN N20 LIME   USA 
5/21/2015 L Bull REKN N45 LIME   USA 
5/21/2015 L Bull REKN N45 LIME   USA 
5/21/2015 L Bull REKN O7O ORANGE   Argentina 
5/21/2015 L Bull SAND T6H LIME   USA 
5/21/2015 L Bull REKN U84 LIME   USA 
5/21/2015 L Bull REKN X6A LIME   USA 
5/21/2015 L Bull REKN X9V LIME   USA 
5/21/2015 L Bull DUNL XXK D GREEN    
5/22/2015 Lighthouse SESA YK1 YELLOW   Suriname 
5/31/2015 Lighthouse REKN 561 LIME   USA 
5/31/2015 Lighthouse REKN 68T LIME   USA 
6/1/2015 Bulls REKN 245 ORANGE   Argentina 
6/1/2015 Bulls SESA ?AM D BLUE   Brazil 
6/1/2015 Bulls RUTU F02 PINK   Bahamas 
6/11/2015 Bulls SESA AVY D BLUE   Brazil 
3/31/2016 L Bull HEGU AUU ORANGE  USA (Maine) 
4/8/2016 L Bull AMOY 5R D BLUE  USA 
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4/8/2016 L Bull AMOY BN D BLUE  USA 
4/11/2016 Marsh HEGU 54H GREEN  USA (Maine) 
4/11/2016 Marsh REKN 350 LIME GEO USA 
4/11/2016 Marsh REKN 632 LIME  USA 
4/12/2016 L Bull AMOY    USA 
4/18/2016 N Cape WIPL HAA LIME   
4/22/2016 N Cape SAND V0Y LIME  USA 
4/23/2016 L Bull SAND CNL D GREEN  USA 
4/25/2016 Marsh SAND 48U LIME  USA 
4/26/2016 L Bull SAND 5PT LIME  USA 
4/26/2016 L Bull SAND CNL D GREEN  USA 
5/1/2016 Bulls RUTU 9KX LIME  USA 
5/7/2016 Marsh RUTU KCJ WHITE  Canada 
5/11/2016 Marsh REKN 210 LIME GEO USA 
5/11/2016 Marsh REKN JN1 ORANGE  Argentina 
5/11/2016 Marsh RUTU AEJ WHITE  Canada 
5/11/2016 Marsh REKN 6O LIME  USA 
5/15/2016 Marsh REKN ECV WHITE  Canada 
5/15/2016 Marsh REKN E29 LIME  USA 
5/15/2016 Marsh REKN L9M ORANGE  Argentina 
5/15/2016 Marsh REKN 9EK LIME GEO USA 
5/19/2016 Marsh REKN 547 LIME GEO USA 
5/19/2016 Marsh REKN 632 LIME  USA 
5/19/2016 Marsh REKN 535 LIME GEO USA 
5/19/2016 Marsh REKN NL1 LIME  USA 
5/19/2016 Marsh REKN TK2 LIME  USA 
5/19/2016 Marsh REKN 9HE LIME  USA 
5/19/2016 Marsh REKN E29 LIME  USA 
 
